Introduction
Spectroscopic properties of functional dyes have been [7] [8] [9] .
From theoretical viewpoints, a sophisticated treatment of a large condensed phase system is required to understand AIEE and such state-of-the-art methodologies are still being developed. In order to circumvent huge computational costs in direct treatment of a whole system, modern quantum chemistry techniques are based on the idea to divide them into fragments [10] [11] or to hybridize several theoretical levels allocated to multiply divided layers such as QM/MM (quantum mechanics/molecular mechanics) [12] or ONIOM (Our Own N-layered Integrated Molecular Orbital ) [13] .
Various pyridine derivatives including 2-aminopyridine and 2,2'-bipyridyl have been extensively utilized as chelating reagents to effectively form complexes with various metals [14] .
4H-pyrone derivatives were reported to serve as potential OLED materials [15] . In the course of our solution as well as in the crystalline phase. From physicochemical viewpoints, 2(1H)-pyridone, the simplest compound, has attracted much attention on its keto-enol tautomerism associated with inter-and intra-molecular hydrogen atom transfer, and been examined in detail on the rotational Duschinsky effect This article is organized as follows. The synthesis and spectroscopic properties are concisely described and followed by the computational details. The calculation results are presented and discussed on the UV-vis and fluorescence of the compounds both in solution and in the solid state, then brief conclusions are presented.
Syntheses, UV-vis and fluorescence spectra
A convenient synthesis of poly functionalized-2(1H)-pyridones through the reaction of various methyl ketones with ketene dithioacetals has been reported previously [24] . It has been found that ketene dithioacetals are useful and convenient reagents for the synthesis of a variety of heterocycles [25] . Figure 1 illustrates the synthetic scheme of the present study, whereby the reactions occurred smoothly in the presence of sodium hydroxide in dimethylsulfoxide to give 6-aryl-4-methylsulfanyl-2(1H)-pyridone-3-carbonitril es 3, which were further converted into 6-aryl-4-pyrrolidino-2(1H)-pyridones 5, 2-methoxypyridine 6 and 1-methyl-2(1H)-pyridone 7.
One-pot synthesis was attempted instead of the selective methylation [26] to obtain both 6 and 7, which were separated easily upon eluting silica-gel column. 1-Methyl-4-pyrrolidono-2(1H)-pyridones 8
were obtained from 7 via the reactions with pyrrolidine, as illustrated in Fig.1 , 2 and 3.
The measurement of absorption and fluorescence spectra was carried out at room temperature in ethanol and in the solid state, respectively. Absorption maxima, molar absorption, fluorescence maxima, and relative fluorescence intensities in the solid state are listed in Tables 1, 2 and 3 . In ethanol, 3f, some 2-methoxypyridines 6 and 7f were found to be slightly fluorescent with their quantum yields less than 0.03. and a significant bathochromic shift was observed via the introduction of styryl group 7k.
The details of synthesis and spectroscopic measurements are described in Experimental section.
Computational details
Ground state geometry optimizations of the single molecules at DFT level were carried out using 
Results and discussion
4.1 Absorption spectra of 3, 5, 6: TDDFT assessment
To verify the applicability of TDDFT, the first intense absorption maxima of compounds 3, 5, 6 series were computed and the results were shown in Table 4 . The ONIOM-optimized geometrical distortions are compared with X-ray crystallographic data in Table 7 , which illustrate the inter-ring C-C bond lengths and the relevant torsion angles in good agreement within ca.
0.01 Å and 1.5 degree deviations for 7a, respectively.
8a shows modest deviation of the twist angles with ca.
6 degrees between the ONIOM-optimized and X-ray angles, which imply that 8a in the solid state is influenced by crystal field which make it favorable to stay in more planar conformation.
The importance of appropriate treatment of surrounding molecules in solid state is indicated by the FMO-TDDFT results for the same cluster models, as presented in Table 8 . The individual contributions from the FMO2 pairs to λ max were examined in detail, as shown in Table S The bathochromic shift induced by an intermolecular hydrogen bond has been already reported by a FMO-TDDFT study of quinacridone crystals [42] .
The resulting excitation energy of 7a was calculated to be 326 nm, with 6 nm bathochromic shift from 320 nm at FMO1 level. The modest contributions from the pair interactions with 6 nm red shift were observed for 8a as well.
4.3 Emission spectra of 3f Table 9 illustrates the solvent effect on the first intense emission λ max computationally assessed for 3f, which A substantially bathochromic shift invoked by the packing effect was observed in the solid state compared to that in ethanol by 50 nm (Table 1) . Unfortunately we failed to obtain the crystals so we could not computationally estimate the emission λ max using the crystalline structure. The packing effects on emission λ max are discussed in the following subsection 4.4 for 7a and 8a of which crystal structures are available.
4.4 Emission spectra of 7a and 8a both in ethanol and in solid state: ONIOM and FMO-TDDFT calculations
As shown in Table 7 and 8a. It is unclear whether the enhanced distortion is caused by the surrounding lattice molecules or simply the irregularity of the finite cluster model. Table 10 shows the computed emission λ max evolution.
In vacuo, the emission λ max dependency on the basis set shows the trend similar to those of the UV-vis λ max , namely, the bathochromic shift for the two molecules.
The best coincidence was obtained using B3LYP Table 8 .
The present study ignored electrostatic interactions from infinite distances in the crystalline state; the crystal field effect can contribute at the same magnitude as structure deformation and intermolecular interactions to excitation energy [42] . The cluster size dependency, new XC-functionals to treat dispersion interactions, higher order correction beyond two-body interactions in FMO-TDDFT, the adequacy of the 'frozen-molecule approximation'[36] will be studied in due course.
Conclusion
In summary, a joint experimental and computational study of UV-vis and fluorescence first intense maxima 1-9.
[35] Chiba M, Fedorov DG, Kitaura K.
Time-dependent density functional theory with the multilayer fragment molecular orbital method. Chem.
Phys. Lett. 2007; 444:346-350 . a Geometries extracted from crystallorganic data.
b Optimized geometries with DFT(B3LYP)/6-311G(2d,2p). Table 7 .
Key geometrical parameters of 7a and 8a in S 0 and S 1 state.
Interatomic distances Twist angle r(C4-C7) r(O1-C12) r(S1-C9) ϕ(N1-C7-C4-C2) 7a S 0 X-ray-geom Interatomic distances Twist angle r(C4-C7) r(O1-C12) r(S1-C9) ϕ(C8-C7-C4-C2) ϕ(C8-C9-N3-C13) 8a S 0 X-ray-geom a An optimized geometry with TDDFT(B3LYP)/6-31 + G(d).
b An optimized geometry with CASSCF(10e,10o)/ANO-L 
